Lincomycin increased the TEM-2 ,-lactamase activity of Estherichia coli K-12 cells carrying plasmid RP4 at a concentration which slightly inhibited cell growth. In a control culture P-lactamase activity reached its maximal level in late log phase, whereas when lincomycin was present ,-lactamase activity continued to increase into the stationary phase. Lincomycin (100 ,ug/ml) inhibited both cell growth and protein synthesis by about 35% but stimulated P-lactamase activity 2.5-fold per ml of culture and about 4-fold per cell after 20 h of grbwth. The amount of P-lactamase produced in each culture was also compared by densitophotometry of a stained sodium dodecyl sulfate-polyacrylamide gel. The relative values were in good agreement with the relative enzyme activities, indicating that the stimulatory effect of lincomycin was due to an increase in the amount of P-lactamase protein. Inactivation of 1-lactamase appeared to be faster when lincomycin was present. This was determined by measuring the decrease in 3-lactamase activity when phenethyl alcohol was present to prevent maturation of the enzyme. There was no significant difference in plasmid copy number between the cells grown in the presence or absence of lincomycin. These results indicate that lincomycin stimulates transcription, translation, or translocation of ,B-lactamase.
Vibrio cholerae cholera toxin (19) and Escherichia coli heat-labile enterotpxin (LT) (18, 24, 35) have been shown to increase when cells are grown with a low concentration of lincomycin, an inhibitor of protein synthesis. Tetracycline has a similar effect on LT production (35) . Production of enterotoxin by Clostridium difficile is stimulated by clindamycin, a derivative of lincomycin (13) . Levner et al. (18) showed that the enhancement of LT production did not result from an increase in the amount of the LT plasmid.
They suggested that it involved an increased tate of synthesis of the toxin molecule (19) .
The mechanism of the stimulation of these toxins has not been discovered. These toxins are proteins that are secreted through the cytoplasmic membrane and seem to be synthesized on membrane-bound ribosomes (22) . Some ribosomedirected antibiotics act on membrane-bound ribosomes in a different manner than they do on free ones (9) . Therefore, there is a possibility that the differential effect on ribosomes may be responsible for the stimulation of toxin production. However, the finding that heat-stable enterotoxin, which is also a secreted protein (22) , is not stimulated by lincomycin under the same conditions as LT (35) makes this possibility unlikely. Levner et al. (18) found that the stimulation of LT production is observed only when lincomycin is added to the culture early and suggested a possible involvement of an inhibitor of toxin production. However, no direct evidence for an inhibitor that regulates toxin synthesis has been presented.
We found that synthesis of plasmid-determined ,-lactamase (TEM-1 and TEM-2) was also stimulated by lincomycin. This enzyme is well characterized (1, 32) , and the mechanisms of its secretion and maturation have been studied extensively (3, 25) . It is encoded in the bla gene within a transposable element (Tnl or Tn3) and can be readily integrated into the chromosome (10, 11) . Further-* Corresponding author. more, the bla gene can be easily manipulated (12, 15, 21) . In this report we describe the effect of lincomycin on the synthesis of P-lactamase (TEM-2) coded for by plasmid RP4.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strain used in this study was E. coli K-12 J53 (pro-met-F-) harboring plasmid RP4 (Tra' IncP Apr Kmr Nmr Tcr; molecular weight, 3.6 x 107) (31) . This strain was obtained from the Department of Bacteriology, Gunma University Medical School, Gunma, Japan. The cells were precultured in CAYE medium (26) at 37°C overnight. CAYE medium (100 ml), with or without 100 ,ug of lincomycin (Japan Upjohn Ltd., Tokyo, Japan) per ml, was inoculated with 0. (17) . Electrophoresis was carried out at 140 V for 9 h. The gel was fixed with 15% trichloroacetic acid (TCA), washed with 10% acetic acid, and stained with 0.2% Coomassie brilliant blue R in 50% methanol-7.5% acetic acid. After destaining with 5% methanol-7.5% acetic acid, the intensities of the bands were measured by densitophotometry on a dual-wavelength thinlayer chromatographic scanner (CS-910; Shimazu Seisakusho, Kyoto, Japan).
Treatment with phenethyl alcohol. Phenethyl alcohol (10% in 20% ethanol) 'was added to cultures to give a final concentration of 0.3% at 14 h after the start of growth. The cultures were reincubated at 37°C. At the indicated times 0.2-ml samples of the suspension were added to 30 ml of cold PBS. The cells were broken by ultrasonic treatment at 150 W/cm2 (50% duty cycle) two times for 1.5 min with a sonicator (model W-225R; Heat Systems Ultrasonics Inc., New York, N.Y.) with ice water cooling, and the extracts were assayed for 3-la'ctamase activity.
Determination of plasmid copy number. Preculture (20 Pdl) was inoculated into 4 ml of L broth, and to a 0.5-ml portion was added 32P-labeled H3PO4 (carrier free; Japan Atomic Energy Research Institute, Ibaragi, Japan) to give a specific
Effects of lincomycin on growth rate and P-lactamase production. A 0.5-ml sample of preculture was added to 100 ml of CAYE medium with (0) and without (0) lincomycin (100 pLg/ml).
Cultures were grown at 37°C. (A) Optical density (O.D.) at 600 nm (-) and viable cell number ---) were measured at the indicated times. The protein contents of cells grown for 12 and 20 h in the presence of the drug were 1.18 and 1.48 mg/ml of culture, respectively. The protein contents in the absence of the drug were 1.65 and 2.23 mg/ml of culture, respectively. (B) Extracellular 3-lactamase ---) was measured by assaying the culture supernatants. After incubation of the total culture with polymyxin B for 60 min, supernatants were assayed for total 3-lactamase activity (-).
assay extracellular P-lactamase activity. The activity of ,B-lactamase was measured microiodometrically, as described by Gordon and O'Callanghan (7). One unit of enzyme hydrolyzed 1 ,umol of substrate (67 ,uM ampicillin) per min at 30°C.
Analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Ten milliliters of a 14-h culture was centrifuged at 12,000 x g at 4°C for 10 min. The cell pellets were suspended in 1 ml of PBS containing polymyxin B (10,000 U/ml). After incubation at 37°C for 60 min, the mixture was centrifuged at 30,000 x g at 4°C for 20 min. Lysozyme solution (0.1 ml; 5 'mg/ml in TES buffer) was added, and the mixture was incubated at 37°C for 15 min. Subsequent treatment with SDS and pronase and by shearing and dye-buoyant density centrifugation was carried out as described by Womble et al. (34) . The bottom of each tube was pierced, and 36 fractions of 10 drops each were collected. Each fraction was hydrolyzed with alkali and precipitated with TCA, as described by Grinsted et al. (8) . The precipitates were collected on Whatman GF/C filters which were prewashed with 5% TCA containing 0.1 M sodium PP1 and washed with 1% TCA at 4°C. The filters were washed with 95% ethanol, dried, and placed in 10 ml of a scintillation fluid consisting of 2-(4'-tertbuthylphenyl)-5-(4"-biphenylyl)-1,3,4-oxadiazole (4 g/liter; Nakarai Chemicals Ltd., Kyoto, Japan) in toluene. Radioactivity was measured on a liquid scintillation spectrometer (model LSC-701; Aloka Co., Tokyo, Japan). Fig. 1A are shown growth curves of the cultures with and without lincomycin. In the presence of 100 ,ug of lincomycin per ml, cell growth was inhibited to 60 to 70% of that of the control culture. The total activity of ,-lactamase in the control increased with incubation time and reached a maximum in the late log phase. When lincomycin was present ,-lactamase activity continued to increase beyond the late log phase (Fig. 1B) . The total enzyme activity in the presence of lincomycin was 2.5 times as much as that in the control after 20 h of incubation. Not only extracellular but also intracellular enzyme activity increased during the stationary phase, when lincomycin was present (Fig. 1B) . When a correction was made for the difference in cell numbers, the enzyme activity per cell in the lincomycin culture was four times higher than that in the control. Total cellular protein in the lincomycin culture decreased to the same extent as cell growth (see legend to Fig. 1A) . a A 0.4-ml sample of the culture was incubated with 0.1 ml of polymyxin B (50,000 U/ml in PBS) at 37'C. After incubation for 90 min, total enzyme activity was assayed. Cell-associated activity was obtained by subtracting extracellular activity from the total activity. b Periplasmic P-lactamase was released by polymyxin B in the same manner as described in the legend to Fig. 2 . A total of 73.7 and 75.3% of the cell-associated 13-lactamase was released from the cells grown with and without lincomycin, respectively. P-Galactosidase was also assayed (30) . Under the same conditions, 3.8% (0.9 of 23.6 U/ml of culture) and 4.1% (1.9 of 46.8 U/mi of culture) were released from the cells grown with Evidence that the increase in activity resulted from an increase in the amount of ,B-lactamase is shown in Fig. 2 . Two samples prepared from the same volume of cultures with and without lincomycin showed a clear difference in the intensity of the P-lactamase band. There was an excellent correlation between the difference in the amounts of the enzyme determined by densitophotometry and the difference in the activities (Table 1) .
RESULTS In
To determine whether the increase in ,B-lactamase resulted from a decrease in its degradation rate, the kinetics of the inactivation of the enzyme were examined. When polymyxin B extracts and osmotic shock fluids prepared from both late log phase and stationary phase cultures were incubated at 37°C for 6 h, no significant change in enzyme activity was observed (data not shown). Enzyme inactivation in vivo was examined by incubating the cultures in the presence of phenethyl alcohol, which inhibits synthesis of P-lactamase by inhibiting maturation (3, 4, 16) . Phenethyl alcohol was added to 14-h cultures, and the enzyme activity was assayed at various time intervals (Fig. 3) . In contrast to the in vitro experiment, inactivation of the enzyme occurred rapidly. It followed first-order kinetics and decreased much faster in the presence of lincomycin. instead of CAYE medium, as the latter contained too much phosphate for efficient labeling. Cultures were harvested in late log phase, lysed, and analyzed by dye-buoyant centrifugation (Fig. 4) . Total 1-lactamase activity and the optical density at 600 nm were also measured ( Table 2) . As in the case of CAYE medium, cell growth was slightly inhibited, and the total activity of 1-lactamase was stimulated about threefold by lincomycin. Nevertheless, the copy numbers of the two cultures were almost the same. DISCUSSION SDS-polyacrylamide gel electrophoresis was carried out to compare the amounts of ,B-lactamase found between cultures grown in the presence and absence of lincomycin. Extracts prepared with polymyxin B were used in this experiment, because they contained only periplasmic proteins (2, 19, 22) . Less than 5% of ,B-galactosidase, a cytoplasmic protein, was released, while 75% of the cellassociated ,B-lactamase was released ( Table 1 ), indicating that most of the bands on the gel were derived from the periplasm. Therefore, the conditions used in this study allow comparison between periplasmic proteins present in the lincomycin culture and those in the control culture.
That the amount of 1-lactamase increased in the presence of lincomycin to the same extent as its activity was confirmed by SDS-polyacrylamide gel electrophoresis. The possibility that inhibition of 3-lactamase inactivation was not involved in its increase caused by lincomycin was first suggested by the observation that the enzyme activity did not change during incubation of periplasmic fractions. This is supported by the result that ,B-lactamase decreased more rapidly in the lincomycin culture than in the control culture after inhibition of its maturation by phenethyl alcohol. From these results it can be concluded that lincomycin acts solely by enhancing the synthesis of ,-lactamase.
It has been demonstrated that E. coli K-12 produces chromosomally encoded j-lactamase (14) . The stimulatory effect of lincomycin on synthesis of P-lactamase by E. coli K-12 J53 harboring plasmid RP4 must be considered in terms of the enzymes determined not only by the plasmid but also by a chromosomal gene. However, the increase in 1-lactamase can be thought to result from a stimulatory effect on the plasmid-determined enzyme for the following reasons. The activity of chromosomal ,B-lactamase of E. coli K-12 is two orders of magnitude lower than that of 1-lactamase of TEM-2. Because the former has a reported molecular weight of 36,000 (14) , the band corresponding to the latter (with a molecular weight of 29,000) on the acrylamide gel (Fig. 2) did not contain the former. When cultures of E. coli K-12 C600 were grown in the presence and absence of lincomycin and 1-lactamase activity was assayed by the procedure described above, no appreciable activity was detected in either culture (0. Matsushita, A. Okabe, and H. Hayashi, manuscript in preparation).
It is generally accepted that there is a direct correlation (gene dosage effect) between plasmid copy number and 1-lactamase activity (6). Engberg and Nordstom (5) reported that cells growing slowly in a poor medium contain more plasmid than those growing rapidly in a rich medium. The plasmid copy number might increase in the lincomycin culture in which cell growth is inhibited. However, determination of plasmid copy number ruled out this possibility, which is in agreement with the results of a study by Levner et al. (19) . Furthermore, when Tn3 was inserted into the E. coli chromosome, the Tn3 1-lactamase was stimulated by lincomycin (Matsushita et al., in preparation).
How does lincomycin stimulate ,B-lactamase synthesis? The stimulation could occur at one of the following three steps: (i) translocation, (ii) translation, or (iii) transcription. In Salmonella spp. translocation is the rate-limiting step in 1-lactamase synthesis (16) . If this is also the case in E. coli, the translocation step during the stationary phase might be accelerated in the presence of lincomycin. Synthesis of secretory proteins is more resistant to some ribosomedirected protein inhibitors and more sensitive to others than synthesis of cytoplasmic proteins (9, 27, 28) . However, many other periplasmic proteins are inhibited by lincomycin (Fig. 2) . Therefore, the effect of lincomycin on ,B-lactamase cannot be explained by preferential resistance of membranebound ribosome. Synthesis of 1-lactamase coded for by the chromosomal gene ampC is controlled by an attenuator gene, ampA (14) . Although an attenuator gene has not been found for the TEM ,B-lactamase, its synthesis may be negatively regulated. The presence of an unknown inhibitor of LT synthesis was postulated by Levner et al. (18) a 32P labeling and fractionation were carried out as described in the legend to Fig. 4 . Fractions of plasmid and chromosome from the lincomycin culture contained 4.6 x 10' and 2.99 x 106 cpm, respectively. Those from the control culture contained 6 .4 x 104 and 3.23 x 106 cpm, respectively. b Plasmid copy number per chromosome was calculated based on the assumption that molecular weights of chromosomal and plasmid DNAs are 2.5 x 109 and 3.6 x 10', respectively. VOL. 30, 1986 ANTIMICROB. AGENTS CHEMOTHER.
finding that the stimulatory effect is not observed unless lincomycin is added early. If synthesis of an inhibitor is sensitive to lincomycin, transcription of P-lactamase messenger would be stimulated. Although the mechanism of stimulation by lincomycin is not known, it is possible that the effect is specific to synthesis of proteins which are coded for by genes with a special sequence or regulated by a special control system.
The results presented here do not argue against the use of lincomycin and 3-lactams in combination for chemotherapy. The concentration of lincomycin used in this study far exceeds the levels that are achievable in human serum (33) at the highest recommended dose (600 mg intramuscularly). The inducible ,-lactamases produced by some strains of Enterobacter and Pseudomonas spp. have been shown to be derepressed by clindamycin (a lincomycin derivative) (29) . It also inhibits penicillinase production by clindamycinsusceptible strains of Staphylococcus aureus (23) . Effects of these antibiotics on P-lactamase synthesis seem to differ among types of 1-lactamases and bacterial strains. More detailed studies are necessary to evaluate the clinical use of such protein synthesis inhibitors and P-lactams in combination.
